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ABSTRACT
Laguna Percebu is an example of a small, arid region,
macrotidal lagoon.

Field measurements over three seasons

have resulted in development of a model to explain the formprocess relationships operative at Laguna Percebu.

Wave

swash overtops the spits separating the lagoon from the ocean
during spring higher high waters, contributing water to the
lagoon during late flood and early ebb tide.

The water

entering the lagoon as wave overwash exits through the inlet.
Therefore, more water passes through the inlet during spring
ebb than during spring flood, causing ebb dominated asym
metry in discharge and velocity during spring tide periods.
Ebb dominated tidal current asymmetry coincides with times
of maximum sediment transport in the lagoon and inlet,
increasing the morphogenetic effect of the tidal current
asymmetry.

Sediment transport maximization during times of

ebb dominated tidal current asymmetry has built a large ebbtidal delta and has inhibited the formation of an easily
identifiable flood-tidal delta.

The extent of the ebb-tidal

delta has been emphasized by retreat of the spits.

Vigorous

currents in tidal channels behind the north spit transport
sediment toward the inlet and prevent the north spit from
widening appreciably.

The south spit is not backed by well
ix
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defined tidal channels and is somewhat wider than the north
spit.

Because of its small size and sparseness of vegeta

tion, Laguna Percebu does not exhibit inertial effects and
changes in hydraulic efficiency similar to those for microtidal and mesotidal lagoons.

Therefore microtidal and

mesotidal models of lagoon inlet dynamics have been found
inappropriate for Laguna Percebu and a macrotidal lagoon
model, outlined above, was developed.
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Chapter 1
INTRODUCTION
Lagoon dynamics has been the subject of extensive
and intensive research for the last several decades (Brady
and Wilson 1971, Carpelan 1969, Cromwell 1974, Gorsline
1962, Phleger 1965, 1969, Phleger and Ewing 1962, Shepard
and Wanless 1971).

Lagoon and estuary studies have also

extended to inlet characteristics (Bruun 1966, Bruun and
Gerritsen 1960, Dean and Walton 1975, Finley 1975, Green
1975, Harrison, Byrne, Boon, and Moncure 1970, Hayes 1975,
1976, Hayes, Goldsmith, and Hobbs 1970, Hine 1975, Mason and
Sorrenson 1974, O'Brien 1966, Ritter 1972, Wright et al.
1975, Wright and Sonu 1975).

Several models have been pro

posed to explain the process-response relationships operating
in lagoons and inlets (Groen 1969, Hayes 1976, Ingle and
Berquist 1971, Phleger 1969, Phleger and Ayala-Castanares
1969, Seelig, Harris, and Herchenroder 1977, Zenkovich
1969) .
Much of the research in lagoons is associated with
their bioproductivity.

Consequently, contributions are

largely limited to lagoons in humid regions and only a few
researchers have studied lagoons in arid climates, many of
1
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which are in Baja California (Gorsline 1962, Inman and
Ewing 1966, O'Brien and Zeevaert 1968, Phleger 1965, Phleger
and Ewing 1962).

As Phleger (1969) pointed out, almost

without exception lagoon studies have dealt with large
lagoons in both humid and arid regions; of these, only
Wright et al. (1975) have described macrotidal processes,
and this study was estuarine rather than lagoonal.

Both

Phleger (1969) and Hayes (1975) note the lack of basic
research in macrotidal lagoon environments.

Gierloff-

Emden's (1961) map (Figure 1) of lagoon coasts of the world
does not show any lagoons, including Laguna Percebu, in
macrotidal environments.

The literature, while comprehen

sively describing the most common types of lagoons, is
almost devoid of references to macrotidal lagoons, small
lagoons, and lagoons in arid regions.
Laguna Percebu, on the northeastern coast of Baja
California, Mexico (Figure 2), represents macrotidal, arid
region, small lagoons, exhibits a large ebb-tidal delta and
lacks an easily identifiable flood-tidal delta.

Research at

Laguna Percebu has focused on three objectives:

(1) identi

fication of the form-process relationships responsible for
the morphology of the lagoon-inlet complex,

(2) comparison

of the models of lagoon-inlet dynamics developed for microtidal and mesotidal inlets with the dynamics in a macrotidal
setting, and (3) development of a model of lagoon-inlet
dynamics suitable for small, macrotidal, arid region
lagoons.
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Figure 1. Distribution of Lagoon Coasts and Macrotidal
Coasts of the World

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4

San D hwo
T iju a n a

Mexicali

San
Felipe

MAP AREA
Lower
W agner

B ahia
S a n ta M a r ia

Sand Dunes
[------ I W a te r

K ilo m e te r s

Figure 2.
of Laguna Percebu.

Baja California showing location

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

Chapter 2
DESCRIPTION OF STUDY SITE
Morphology
Laguna Percebu, located at 30°45' N and 114°42' W on
the northeastern coast of Baja California, is developed in
late Quaternary unconsolidated marine sediments (Gastil,
Phillips, and Allison 1971).

The Laguna Percebu area

experiences a 6 m spring tide, placing it in Davies's (1964)
macrotidal category.
Laguna Percebu is located in an area mapped as
Koppen BWh climate by the Universidad Nacional Autonoma de
Mexico.

Laguna Percebu is separated from the bajada east of

the Sierra San Felipe by a belt of stabilized dunes. Through
these dunes pass several ephemeral streams Which have built
small alluvial fans on the western periphery of the lagoon
basin.
Several sedimentary environments can be delineated
in the lagoon-inlet complex (Figure 3).

Adjacent to the

dunes are supertidal ephemeral stream fans which grade
abruptly into salt-encrusted spring high tidal flats (Fig
ure 4).

The next sedimentary environments seaward are the

vegetated mud flats and interdigitated non-vegetated mud
5
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Figure 4. Salt encrusted spring high tidal flats.
Hummocky appearance is caused by salt crystal wedging.
Hummocks are 2 cm to 3 cm high.

mud.

Figure 5. Fiddler crab (Uca sp.) in non-vegetated
Smaller burrows are dug by immature individuals.
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flats.

Both vegetated and non-vegetated mud flats exhibit

crab burrows 1 cm to 2 cm in diameter dug by the fiddler
crab (Uca sp.)

(Figure 5) . Both mud flat types are dis

sected by steepsided meandering tidal channels (Figure 6)
which connect the mud flats with the inlet area.

In the

northern portion of the lagoon the tidal channels have dis
sected stabilized sand dunes (Figure 7) .
The most obvious feature of the inlet area is the
massive ebb-tidal delta (Figure 8).

The ebb-tidal delta

grades upward into the spits separating the lagoon from the
ocean.

These spits are noteworthy for the steepness of the

beaches (14° to 17°) on the seaward side (Figure 9).

At or

near the bottom of the beach faces are discontinuous expo
sures of fines with a dense network of holes the same size
as those in the lagoon mud flats (Figure 10).

The lagoon-

ward side of the south spit is relatively gentle in slope
and is adjacent to Estero Azteca (Figure 11), which appears
to have been a formerly more active tidal channel.

Estero

Azteca is connected with the gulf only during spring high
water.

Also adjacent to the lagoonward side of the south

spit just south of the inlet is a sand body densely popu
lated by crabs.

Bioturbation (Figure 12) causes quicksand

like characteristics to develop.

The rhombic-shaped sand

body immediately lagoonward of the inlet throat has the plan
view shape of a flood-tidal delta but lacks the lagoonward
oriented bed forms associated with flood-tidal deltas
suggesting that it may be less active now than in the past.
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flats.

Figure 6. Tidal channel through vegetated mud
Channel is 3 m wide, 1 m deep.

Figure 7. Tidal channel dissecting stabilized sand
dunes in northern portion of lagoon.
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north.

Figure 9. South spit beach face.
Rochs are from seawalls.

Figure 10.

View is to the

Exposure of fines on north spit beach

face.
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Figure 11.

Estero Azteca viewed from the northeast.

Figure 12. Bioturbated sands behind northern end of
south spit. Mounds around burrow openings are 3 cm to 4 can
high.
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Tectonic Setting
As a consequence of its location on the western
shore of the Gulf of California, tectonic activity may have
played an important role in the development of Laguna
Percebu.

Research on magnetic anomolies at the mouth of the

Gulf has shown that "The Gulf of California is the result of
ocean floor spreading from the crest of the East Pacific
Rise" (Larson, Menard, and Smith 1968, p. 783).

Current

interpretation of plate tectonics in this region postulates
that movement along the San Andreas system is indicative of
relative motion between the North American and Pacific
plates.

Baja California, on the Pacific plate, is being

rafted away from the Mexican mainland (Atwater 1970,
McKenzie and Parker 1967, Morgan 1968).

The en echelon

transform fault series that presently runs up the Gulf of
California has produced a series of spreading basins which
appear on magnetic and seismic reflection profiles (Moore
and Buffington 1968).

One of these spreading basins, Lower

Wagner Basin, is approximately 60 km seaward from Laguna
Percebu.

High relief at the periphery of these basins and

the relatively thin (less than 50 m) veneer of sediment on
their floors suggest that these basins are geologically
young.

The tectonic processes that produced the Gulf of

California are still active.

Whitten (1955) has recorded

that present rates of strike-slip movements in the Imperial
Valley north of the Gulf are approximately 8 cm/year.
The research noted above has concentrated on

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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horizontal movements in the Gulf of California area, and no
accounts have been found that describe vertical crustal
movements in the northwestern Gulf of California.

Some

indication of changes in relative sea level, whether by
tectonics or eustacy is given by the development of sea
cliffs approximately 10 m high a few kilometers south of
Laguna Percebu.

These sea cliffs are cut into the bajada

extending eastward from the Sierra San Felipe.

The north

ward flowing littoral drift probably transports the sea
cliff sediments to the Laguna Percebu area.
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Chapter 3
FIELD METHODS
In order to achieve the three objectives stated in
the introduction, five types of data were collected:

tidal

level, current velocities in the inlet, changes in topog
raphy, rates of sediment transport, and sediment size.
Procedures utilized in collecting these data are described
below.
Tidal Level
During the summer of 1976, 573 tidal measurements
were made during 22 days between 28 May and 27 July.

Tidal

data were obtained by use of two tidal staffs in Bahia Santa
Maria (Figure 8), one near the beach (Figure 13, Figure 14),
and one at the spring low-water water line.

The beachward

tidal staff's regime overlapped the seaward tidal staff's
by 1.6 m.

The use of two staffs made it possible to measure

tide levels without resorting to the use of a single distant
overly long tidal staff.

Commencement of the summer 1976

field session coincided with spring low water and allowed
immediate installation of the seaward tidal staff.
Each tidal staff was constructed of a 3.6 m (12 ft.)
length of 5.08 cm (2 in)

by 10.16 cm (4 in)

nominal

15
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ment.

Figure 13. Typical conditions of tidal level measure
Beachward tidal staff, high tide.

Figure 14. Beachward tidal staff installation. Low
tide. Under these conditions, the seaward tidal staff was
read with binoculars.
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dimension pine.

The staffs were painted with alternating

0.3 m wide red and white bands.

The foot of each staff was

placed in a socket affixed to a 1 m length of 2.5 cm (1 in)
by 30.48 cm (12 in)
a base plate.

nominal dimension pine which served as

The base plates were stabilized on the bay

bottom by two 1 m stakes.

Three automobile tires were used

as deadmen to secure ropes running to the top of the staff
(Figure 14).

Elasticity of the nylon ropes and the pine

staff caused the staffs to became unseated from the sockets
on the base plates when wave height exceeded 1 m.

Had the

sockets been deeper or had the staffs been fastened to the
base plates, the staffs would have remained in place in
larger swell.

However, the staff was allowed to unseat

under relatively high energy conditions to prevent staff
breakage when subjected to large waves.

Waves of 1 m or

higher occurred only twice during the course of the 1976
field session and did not cause a significant interruption
in data collection.
The tidal level was measured at 15 minute intervals
coinciding with current velocity measurements noted below.
Because of the sedentary character of the work, accurate
measurement of the tidal level severely restricted other
kinds of data acquisition.

Therefore, tidal measurements

in addition to those coinciding with current velocity
measurements, were made whenever it was possible to coordi
nate them with other work, and when high winds and blowing
sand precluded most other kinds of data collection.
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measurement was obtained by noting the average wave height
and average trough height for a one-minute period.

The mean

of the crest and trough height was recorded as the tidal
level.
Current Velocities in the Inlet
Ebb-tidal and flood-tidal currents at the lagoon
inlet were measured during the summer session of 1976.

Truck

tire deadmen were buried on each side of the inlet and a rope
was strung between them.

The painter to a four-man rubber

raft was attached to the rope at midpoint in the channel and
all current measurements were taken at this location.
Currents were measured at the thalweg at 0.3 m vertical
intervals each 15 minutes during daylight hours.

The number

of measurements for each 15-minute period was a function of
channel depth which changes with tidal stage.

The minimum

number of measurements per 15-minute period was 6, the
maximum was 15.
A direct reading Price type current meter was used
to measure current velocity.

The cone-shaped buckets of the

Price type current meter are affixed to a wheel and moving
water displaces the buckets laterally, rotating the wheel.
Because the buckets are cone-shaped, the wheel will also
rotate when displaced vertically relative to the stream
lines of current flow.

Pitching and bobbing of the raft in

the inlet channel due to wave action therefore tended to
cause overestimation of current velocity.

It was necessary,

then, to observe the meter readings for as long as 1 minute
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for each measurement when the inlet was choppy to obtain a
modal velocity assumed to represent the current velocity
with as little vertically induced input as possible.
Observations of the flow of foam and debris passing
in and out of the inlet during flood and ebb tides indicated
that, at the surface at least, the horizontal stratification
of ebb-tidal and flood-tidal flows described by Hayes (1975)
does not exist at Laguna Percebu.

Therefore it was unneces

sary to move the raft horizontally to measure the ebb-tidal
and flood-tidal flows with equal representation.
Originally, only one tire deadman was buried on each
side of the inlet.

On 11 June, when ebb-tidal current

velocity was approximately 1.3 m/seC, the combination of
tidal current scouring, wave action, and tension on the rope
caused the deadman in the north spit to come adrift, ending
current velocity measurements for that day.

Measures adopted

to reduce the probability of recurrence of deadman failure
included increasing the number of deadmen to 2 on each side
of the inlet and increasing the depth of burial from 1 m to
1.5 m.

No further deadman failures were experienced after

the modifications noted above.
Topography
One of the unique features of Laguna Percebu is the
subaerial exposure of the entire lagoon bottom, except for
some of the channels and ponds during spring low-water
periods.

This phenomenon facilitates the accurate mapping

of the lagoon bottom and its features.

The lagoon, inlet,
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spits, and ebb-tidal delta were plane tabled in winter 1975,
summer 1976, and winter 1976.
shown in Figure 7.

Plane table transects are

These data, along with stereo coverage

1972 airphotos were used to produce the maps of the lagoon
area.
Sediment Transport
Suspended sediment load of a stream can be directly
measured with reasonable confidence in the results by tech
niques outlined in Gregory and Walling (1973) . Bedload, in
contrast, is not so readily measured and is at best esti
mated by a variety of scoops, traps, baskets, and pits
(Hubbell 1964).

Gadd, Lavelle, and Swift (1978) have found

that the models proposed by Bagnold (1956, 1963), Einstein
(1950), and Yalin (1963) produce measures of rates of sedi
ment transport that are not in close agreement with one
another.

Therefore, Gadd, Lavelle, and Swift caution

against use of the above models for determination of sedi
ment transport rates.

Analysis of form-process relation

ships at Laguna Percebu requires, however, some method of
acquiring quantitative data on sediment transport.
Bartsch-Winkler and Ovenshine (1977) have used a sedimenta
tion stake system which is well suited to sediment transport
investigation at Laguna Percebu.
The sedimentation stake system (Figure 15) consists
of two parts:

a stake and a slider.

The stakes used at

Laguna Percebu were 0.6 and 1.0 m lengths of 1.27 cm (0.5 in )
rebar.

The longer stakes were utilized in relatively high
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Figure 15A. Sedimentation
Stake system at time T-^

Figure 15B. Sedimentation
Stake system at time T2 -
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energy areas.

Sliders were constructed of 0.3 m lengths of

0.95 cm (0.375 in) rebar with flat steel washers welded on
each end.

Installation of the sedimentation stake system

entails forcing the stake into the surface and placing the
slider over the stake, allowing the stake to pass through
the holes in the slider.
Sedimentation stake data provide a measure of the
amount of material that has been removed from a site during
the time of maximum erosion at that site (gross scour) and,
similarly, a measure of the amount of material that has been
deposited at the site during falling current velocity periods
after maximum erosion has occurred (gross fill).

Sedimenta

tion stake data do not yield any information about discrete
events from one set of measurements to the next; they offer
a summary of the effects of that period's events.

The

primary advantages of the sedimentation stake system are
that it is inexpensive, easy to use, install and maintain,
and that it provides unambiguous data on sediment transport
without recourse to sediment traps or estimates based on
current measurements.
Upon installation, Time T^, dimensions "A" and "B"
are recorded (Figure 15A).

Each time the sedimentation

stake system is checked, Time T2# the dimensions "A^" and
"B^" are recorded.

If the slider is resting below the

surface as shown in Figure 15B, the slider is pulled out of
the surface sediments and the surface configuration is
restored.

The slider is then reinstalled and the dimensions
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"A" and "B" are recorded as per Time T^.

Data recorded from

measurements of the sedimentation stake system can be inter
preted as follows:
B - B^ = gross scour
if A > A-^, then A - A^ = net fill
if A < A p

then A^ - A = net scour

gross fill = gross scour + net fill or gross
scour - net scour
when A and B are the dimensions recorded at the beginning of
the observation period and A^ and B^ are the dimensions
recorded at the end of the observation period.
Twenty-two sedimentation stake installations at
Laguna Percebu were placed in areas expected to reflect
conditions of sediment transport representative of all
lagoon environments except the high-tidal flats.

Attempts

to maintain survey markers and sedimentation stakes in the
high-tidal flat environment were unsuccessful because of
heavy recreational vehicle traffic.

Locations of the 22

sedimentation stake sites are shown in Figure 8.

The 2

sedimentation stakes in the area adjacent to the dunes were
checked weekly, the other 20, daily at daylight low-water
during the summer of 1976 and once again during winter of
1976.
Sediment Sampling
Sediment sampling in lagoons usually requires the
use of a boat and a bottom sampler of the scoop, bucket, or
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clam-shell type.

At Laguna Percebu, it was not necessary to

use a boat and bottom sampler because virtually the entire
lagoon is exposed at spring low water.

A scoop and sample

bag were therefore all that was required to collect sediment
samples.

Sediment samples were collected from each of the

22 sedimentation stake sites and from each of the pit sites
shown in Figure 3, during the summer of 1976.
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Chapter 4
DATA ANALYSIS AND RESULTS
Tide Curve
Five hundred seventy-three tidal observations at
Laguna Percebu were compared with the astronomical tidal
chart published by the University of Arizona Department of
Ecology and Evolutionary Biology.

The University of

Arizona tide curve is for San Felipe, Baja California,
Mexico, about 34 km north of Laguna Percebu.

Comparison of

the predicted higher high water with the observed higher
high water for the 22 days of observations shows a> maximum
disagreement of 0.22 m.

Minimum disagreement was Q,.,0 m, and

the mean difference was 0.09 m, with a standard deviation of
0.014 m.

The small difference in higher high water predicted

by the tidal chart and that observed at Laguna Percebu
justifies using the University of Arizona tidal chart for
Laguna Percebu.

The modal time of disagreement between the

tidal chart and the observations is at lower lov-water and
higher low-water.

However, as will be shown later, this has

no appreciable effect on the processes operative at Laguna
Percebu.

25
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Tidal Current Velocities
The results of 2,360 vertically integrated tidal
current measurements are summarized in Table 1.

Tidal cur

rent velocities are compared with tidal stage for the ten
days of tidal current measurement in Figure 16.
Tidal current velocities for each 15-minute sampling
period are represented by a single Value in Figure 16.

This

value is the mean of the measurements for each 15-minute
period (V).

Because inlet channel cross sections for flood

and ebb on a given tidal cycle are nearly the same, differ
ence in total ebb discharge and total flood discharge can be
expected to be expressed in differences in velocities.

The

value selected to represent the maximum ability to do work
was the maximum V for each ebb and each flood (Vmax).

Ebb

and flood Vmax for a given day are functions of the higher
high water for that day, as illustrated in the high corre
lation coefficient, "r," values for the regression equation
line (Figure 17) drawn from the regression equations in
Tables 2, 3, and 4.
The slopes of the regression lines for ebb-tidal and
flood-tidal currents Vmax velocities as functions of higher
high water for those days when higher high water was less
than 4.4 m are similar, suggesting that they are essentially
the same.

A paired "t" test of the ebb-tidal and flood-

tidal Vmax velocities for those days when higher high water
was less than 4.4 m (Table 5) shows that there is no sig
nificant difference between the two sets of data.
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Therefore,
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TABLE 1.

CURRENT VELOCITY DATA FROM 10 DAYS OF MEASUREMENTS, SUMMER 1976
25 J u n e

13 June

11 June

T im e

V

VMS

Vb

0 .2 0

1030

0 .0 0

0 .0 0

0 .0 0

0 .2 6

1 0*5

0 .0 9

0 .1 2

0 .0 0

1100

0 .0 7

0 .(2

0 .0 5

0 .0 0

1115

0 .1 3

0 .2 1

0 .0 9

0 .0 0

1130

0 .3 1

0 .4 0

0 .2 7

T in e

V

te a s

Vb

0 .0 5

1230

0 .0 0

0 .0 0

0 .0 0

0 .2 7

1245

0 .2 0

0 .2 6

0 .4 5

0 .3 7

1300

0 .2 9

0 .3 5

0 .4 7

0 .5 6

0 .3 8

1315

0 .4 1

0 .4 7

0 .3 9

0 .7 4

0 .%

0 .5 4

1330

0 .6 5

0 .7 4

0 .6 5

1015

0 .0 0

0 .0 0

0 .8 2

0 .5 5

1030

0 .0 4

0 .0 5

T im e

V

VM X

Vb

Tim e

V

VIMS

Vb

0 8 *5

0 .1 9

0 .3 0

0 .0 2

1100

0 .1 0

0 .2 2

09 00

0 .1 8

0 .2 9

0 .0 2

1115

0 .2 8

0 .3 5

0915

0 .1 8

0 .3 0

0 .0 3

1130

0 .3 8

0930

0 .2 4

0 .2 7

0 .2 0

1145

0 9 *5

0 .3 0

0 .4 0

0 .2 5

1200

1000

0 .3 8

0 .4 5

0 .2 7

1215

0 .7 6

0 .9 1

0 .5 0

1345

0 .6 8

0 .7 3

1400

0 .6 7

0 .7 9

0 .6 5

1045

0 .0 7

0 .1 1

0 .0 0

0 .3 8

1230

0 .4 0

0 .5 1

0 .2 7

0 .9 0

0 .3 9

0 .4 6

0 .5 *

1 1*5

1015

1245

0 .7 1

0 .7 2

0 .8 5

0 .5 0

1100

0 .1 6

0 .2 1

0 .1 5

0 .3 1

0 .3 5

1415

0 .5 3

0 .4 *

0 .4 1

0 .4 1

0 .3 8

0 .9 1

1200

1030

1300

0 .7 3

0 .9 3

0 .7 4

0 .8 5

0 .5 5

1115

0 .1 5

0 .1 9

0 .1 3

0 .3 3

0 .3 0

1430

0 .5 6

0 .3 1

0 .4 8

0 .4 3

0 .3 6

1215

1 0*5

1445

0 .7 2

0 .8 1

0 .5 2

1130

0 .1 6

0 .1 9

0 .1 7

0 .4 7

0 .3 1

0 .4 2

1230

1315

0 .9 4

0 .3 9

0 .7 5

0 .6 9

0 .8 1

0 .4 3

1145

0 .1 6

0 .2 0

0 .1 7

1245

0 .2 8

0 .3 6

0 .2 4

0 .4 1

1500

0 .5 2

12 00

0 .1 5

0 .1 9

0 .1 S

1300

0 .3 0

0 .4 1

0 .3 2
0 .3 4

1100
H IS

0 .3 4
0 .2 5

0 .4 0
0 .2 9

0 .2 3
0 .2 6

1330

0 .6 5

0 .8 0

1130

0 .2 0

0 .2 5

0 .1 2

1345

0 .S 3

0 .6 1

0 .3 7

1515

0 .5 6

0 .6 8

0 .1 2

0 .4 6

0 .5 3

0 .3 8

0 .5 3

0 .6 8

0 .4 1

1215

0 .0 5

0 .0 7

0 .0 5

0 .3 5

0 .1 7

1530

0 .2 8

0 .1 6

1400

1315

1 1 *5

141S

0 .3 0

0 .2 8

0 .4 0

0 .3 3

1230

0 .0 3

0 .0 5

0 .0 0

0 .1 5

0 .0 7

0 .3 7

0 .2 4

0 .1 *

1545

0 .2 0

0 .1 2

0 .3 9

1330

1200

0 .1 9

0 .1 0

1 2 *5 F lo o d

0 .0 0

0 .0 0

0 .0 0

0 .0 8

0 .1 5

0 .1 3

0 .1 0

0 .0 7

1600 F lo o d

0 .1 3

0 .0 5

0 .0 3

0 .0 7

0 .1 1

1430 F lo o d

1345 F lo o d

1215 F lo o d

1445 Ebb

0 .6 3

0 .6 4

0 .7 5

0 .6 2

1300 Ebb

0 .0 3

0 .0 4

0 .0 0

0 .0 0

0 .2 8

1615 Ebb

0 .0 8

0 .3 6

0 .5 9

0 .0 7

0 .3 1

0 .7 5

1400 Ebb

1230 Ebb

1 .0 1

1 .2 0

0 .6 1

1 .0 5

0 .6 3

1315

0 .0 4

0 .0 6

0 .2 4

1500

0 .9 0

0 .2 9

0 .2 7

1630

0 .2 6

0 .3 7

1415

0 .2 9

0 .0 3

1 2*5

1515

1 .3 7

0 .8 8

0 .9 8

0 .3 1

1330

0 .0 7

0 .0 8

0 .0 7

0 .2 8

0 .2 8

1645

0 .3 8

0 .4 1

0 .8 5

0 .3 3

0 .3 2

1 .6 5

1430

t3 0 0

0 .9 9

1 .1 7

0 .4 5

1345

0 .0 6

0 .0 8

0 .0 3

1445

0 .3 1

0 .3 9

0 .2 9

0 .8 8

1700

1 .0 0

0 .5 1

1400

0 .1 1

0 .1 5

0 .0 4

1500

0 .3 2

0 .4 0

0 .2 9

1715

0 .8 8

0 .8 0

1415

0 .1 9

0 .2 5

0 .1 1

1515

0 .4 4

0 .4 9

0 .3 9
0 .4 3

1315
1330

0 .3 6
0 .3 3

0 .4 7
0 .4 5

0 .2 6
0 .2 S

1530
1545

1 .3 9
1 .3 6

1 .7 0
1 .6 2

0 .8 1

1345

0 .2 9

0 .4 5

0 .2 2

1730

0 .8 1

0 .9 6

0 .8 5

0 .9 9

0 .6 2

1430

0 .1 5

0 .1 8

0 .4 6

0 .5 4

0 .2 5

1745

1530

0 .3 2

0 .4 3

0 .0 7

1 *0 0

0 .5 3

1445

0 .1 1

0 .1 5

0 .0 7

0 .4 3

0 .1 9

1 .0 2

0 .4 9

0 .2 9

0 .8 4

0 .4 4

0 .2 0

1800

1545

1415

0 .9 6

0 .5 7

1500

0 .0 7

0 .1 0

0 .0 7

1600

0 .3 5

0 .4 3

0 .3 3

0 .8 3

0 .9 4

0 .6 2

1515

0 .0 0

0 .0 0

0 .0 0

1615

0 .3 2

0 .3 9

0 .2 6

0 .8 0

0 .5 9

1630

0 .2 8

0 .3 6

0 .2 3

0 .6 3

0 .7 7

1645

0 .0 2

0 .0 3

0 .0 0

1600

1 .2 9

1 .5 3

0 .7 2

1 *3 0

0 .1 3

0 .1 7

0 .1 1

1815

1 * *5

0 .1 5

0 .0 7

0 .0 5

1830
1845
1900

0 .5 0

0 .6 5

0 .4 1

1915

0 .4 1

0 .4 8

0 .2 7

1930

0 .2 8

0 .3 9

0 .1 9

1945

0 .1 9

0 .2 7

0 .2 1

2000

0 .1 1

0 .1 8

0 .1 0

2015

0 .0 7

0 .1 2

0 .0 9
0 .0 2

2030

0 .0 5

0 .0 9

2045

0 .0 4

0 .0 6

0 .0 2

2100

0 .0 2

0 .0 4

0 .0 0

Where:
V = mean of all velocity measurements, at 0 . 3 m vertical intervals, taken during 15 minute periods,
Vmax = maximum V for each ebb and each flood. This value is underlined.
to
Vmax = maximum measured velocity during each 15 minute period.
Vb
= current velocity 0.3 m above the bottom.

28
8 £ > e o < o m e o r 4 k f t < - « o r » r »4N e o o

^ • O N « ^ i A O m > < e « < N «

d o d d d d d d d d d d d d d

? 4 4 4 N e
N n i » N « 0 « i e m < t n n N > * 9o e
e
o Q O ©
d o o o d d o d d d d d d d d o d d d d d

S 3 . .
d o d o

BN«*i noNNi n«a«*9>
•9 0 * ^ « * * * i M 0 0 0 aaA>i A
e d * < X M M ) > < d d d d d

O M N N N n w t n m > f < »

*

I

e o o o o o o
t*
m

o e o o o o

•A O
o

S

A n

■4 <o

o d d

iA O lA o
*■ *n *» o

d d d d

©

* I

0

_

_

v> ©

^

m

x

«i

_

m

in «

O

*
4 O •« «A •»
n f t n n rt

Q *C
O

9 o > « « < e m 4 cnH fN* »— M—i Oo Oo

IT Q

n

.

8 fi

•» o
V'inii<
i i n o « > e

3

n e a r

^ A w « i n n A m n n o O O

o d d d d d d d d d d d d

m o

0

o o o o o o

0 0 0 0 0 0 0

o o o o o o

d o| o

. a s

d o o d d d d

© f N l A © ^ A * O © . 0 © - 4 « M 0 ' 0 - "
— «' f s<"^nnj rgf >j rsp^

— - <0

o

o

-4

aj

o

o

10 O

q

1*1 O

o d o d

I o o

o

<0

«n «4 «4 «4 *n

d d d d d d d d o d d d d d d d

X
2

O t n O M O N e O ( * t ( A 0 > | s . O O < 4 O «
© © — n « i n i n i e i e i n i n i n s r 4 n o

5

d d d d d d d d o d d d d d d d

o o o o o o o o o e o o o o e o o o o

O *n i n « ^ o -4
o n » ^
© O C m m x m i A l i A i A x m m c i

«
»
1H
I «
0 «
010

(>

* I

© d o d o ©

N

N

n

n

0

0

0

0

g

d d | o’ d o ©

N O 4 m ••
ia in tn i0
0 0 0 0 0

o o d d

91 n
— ©

d o d o

m in

0

o

m O m e
m
m <* ©

I

"*

TABLE

1— Continued

•5

o

o d d

o o s i N O ' o i v o f ' i o N i c i n e

*■ 9
-41 O . » « 0 0 ' * M « 9 0 ' r >
} *1 in 1 t A« 9 «
9 f Af AMs < 0

OO

o

in in

0 0 0 0 0 0

i

8

o o o d d o d d

» -|d o d d d d d d d d d d d d

4 4 4

OOONNNNrtMNC'tNNAIMO
d d o o d o o o o d d d d d d o
n x

9> © I »

e N<m •< p« in
•
*•» r
«
»I r» r» a. 10 < c*

d o ld o

* »«Br»N©aDCOi A
f * «4«4. *©000

o o o o o o o o o o o o o o

O l A O i A O l A O l A O l A O l A O t n O l A O i n Q
m ^ O
— * n * » 0 -4 r » ^ 0 - 4 < ^ ^ 0
—

^

v0 —• N

ps fs

o

d

d

91O1

qC CO GO GO ^

3

0

6

6

0

6

d o

BO O' <0 O' 11*.

o o o d| d

4

m

o d d d d d d d d d d d d

0

d

d

d

d

d

d

d

d

d

d

O'

O

m

o

^ n
d d

O

ia

n
d

O

©

H

00 >0 n

e
d

o
d

o
d

o
d

n

e
d

a

0 00*0

N i n o i n n O ' ^ n o a
yp
O A A " J i n 0 C 6 O ' O ' O ' » C 6 A N n

d d d d d d d d o d d d d o o o

8
d

a 0
m n
d d

a
d

<o n
n 4 a
d d d

a

a> n
« n
d d

011 n

Kin
d* d

e
a
d

n
10 «
d d

0 0 - 4 M p M ^ M

n e
« n
d d

a

N

O
d

A

4

d

N

N

n n
— -J

>4■o

p 4 M

• O

nl n
«| J

N
«4

n

O

H

M

A

44M

p 4 - 4 0 0 ©

0

A

O

>

O » 9 n
^ d d d

0

«
d

N

4
d

i O
^
d

e 0 0 0 0 0
N

O

4

^ « O
d d d

«

e
d

A

e
d

x

e

J

-4

ti a A ©O i m
n O m O m O m O i n O i A O i A ©

- 4 imn > j r o 4 - « n > 0 O - 4 < n « r o - 4 < - i » 0 O

8 rs0'ir.

n O P ' * O n ,i O f 4 0 D - 4 p 4 i n

© o a i x ^ i A i A m m m m m N ©
0 0 0
o’ © o d d
o’ 0 0 0 0 0 0

I A O « A O l A O > A © i n O l A O t A O i n p i A O l A O l A

M n 4 0 < * n 4 0 « 4 n 4 0 < 4 n 4 6 r 4 n 4 e > 4
A A i n « 4 4 i o n > N i > > n n a a c A 0 a 9 o o

© i A © m © - 4 © * 4 A » i » . p 4 , e r ,* * - 4 £ £ 5 i 2 j 2 ! 0
A 4 P N A A A A N A A A N M < 4 D e O e O O
d

d

d

d

d

d

d

d

d

d

d

d

d

d

o

d

-4iA«n-»
—
A 4 N N M M
0

0

0

8 4

0

0

0

O' r» O

ff> <t

0

0

©I N

0

0

S'

0

4

0

4

0

4n

©

©
r- r » .
r*. n n |

o

d

d o d j

e
e n 4 4 m ml a 4 4 4 n
o d d d d d d l d d d d d

d

O m O m O i A O m O i A O i A O i A
| * l 4 0 > 4 A 4 0 M n 4 B i 4 A 4

■

• -N

-IN -N

n

n

n

n

n

d

0

4444

d

d

d

o

d

e

o

o

O O O O
d o o o

• A O m p i n O i A O i A O i A O m O i A O i n O i A

p 4 « n 0 6 ^ m 0 O 4 - m 0 6 2 * m 4 r © — m i

iAm m «o00«A»s*»A»r*

®

®

o

JJ2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

29

Figure 16. Tide curves and tidal current velocities for ten days of
measurements. Solid line is the tide curve. Tidal stage in meters above
and below mean low water is shown on the right side of each graph.
Dotted line above "0" shows flood velocity in meters per second, below
"0“ shows ebb velocity in meters per second. Left side of each graph
shows current velocity values. Time of day is indicated below the
bottom graphs.
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Figure 16—Continued
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Figure 17. Regression lines for ebb and flood Vmax as functions
of higher high water.
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TABLE 2
REGRESSION AND CORRELATION CALCULATIONS FOR EBB V MAX
REGRESSED ON HIGHER HIGH WATER FOR DAYS WHEN
HIGHER HIGH WATER IF LESS THAN 4.5 M

HHW
x

v max
y

x2

Y2

xy

4.02

0.36

16.1604

0.1296

1.4472

3.63

0.19

13.1769

0.0361

0.6897

4.18

0.46

17.4724

0.2116

1.9228

4.48

0.69

20.0704

0.4761

3.0912

4.38

0.56

19.1844

0.3136

2.4528

20.69

2.26

86.0645

1.1670

9.6037

b _ nfSx^)

- (Zxj^ (2y±)

ndx^)

a =

r =

b = 0.56

- (Zx±)2

- b(Zxi>
n

a = -1.86732

nZx y - (Zx.) (Zy.)
x x
x
x
^InZxj/* _ (2xj_) 2
VnZyi2 - (?yi)2

r = 0.985

Data Points for Plotting Regression Line
When y = -1.86732 + 0. 56x
x = 3.75, y = 0.23
X

= 4.25, y = 0.51
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TABLE 3
REGRESSION AND CORRELATION CALCULATIONS FOR EBB V MAX
REGRESSED ON HIGHER HIGH WATER FOR DAYS WHEN
HIGHER HIGH WATER IS OVER 4.5 m

HHW
x

v max
y

X2

y2

xy

5.03

1.39

25.3009

1.932

6.9917

4.82

0.90

23.2324

0.81

4.338

4.59

0.77

21.0681

0.5929

3.5343

4.95

1.31

24.5025

1.7161

6.4845

4.86

1.00

23.6146

1.00

4.86

24.25

5.37

117.7235

6.0511

^ = nfZXiYi) - (2x±) (5*^)
n(2x.2)-

b = 1.477

(2xi)2

a = Sy± - b(Sx±)

a = -6.089

n

r =

n S x ^ i - (2x±) (2y± )
V n Z x ^ - (Sxi)2

Vn2y±

r = 0.932
- (5^)2

Data Points for Plotting Regression Line
When y =-6.089
x =4.5, y
x =5.0, y

+ 1.477x
= 0.557
= 1.296
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TABLE 4
REGRESSION AND CORRELATION CALCULATIONS FOR FLOOD V MAX
REGRESSED ON HIGHER HIGH WATER FOR ALL DAYS OF
TIDAL CURRENT VELOCITY MEASUREMENT

v max
Y
0.46
0.76
0.74
0.16
0.43
0.58
0.79
0.77
0.56
0.54
5.79

HHW
X
4.02
5.03
4.82
3.63
4.18
4.57
4.95
4.86
4.48
4.43
44.94

X2
16.1604
25.3009
23.2324
13.1769
17.4724
21.0681
24.5025
23.6196
20.0704
19.1844
203.7880

y

2

0.2116
0.5776
0.5476
0.0256
0.1849
0.3364
0.6241
0.5929
0.3136
0.2916
3.7059

b =

n■(SxiYi) - (2*i) (Zy-j)
~
n(2x^2) (Zxi)2

b = 0.4383

a =

SYi - b(2x.j)
”
n

a = -1.39

nZx-jyi - (Sx±) (Zy±)

V n2Xj_2

- (£Xj_)2

_ •570
QQ/r
t» r

VnZy±2 - (2yi)2

Data Points for Plotting Regression Line
When y = -1.39 + 0.4383x
x = 4, y = 0.363
x = 4.5,y = 0.582
x = 5, y = 0.8015
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xy
1.8492
3.8228
3.5668
0.5808
1.7976
2.6506
3.9105
3.7422
2.5088
2.3922
26.8213
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TABLE 5
PAIRED "t" TEST FOR MAXIMUM MEAN EBB AND FLOOD VELOCITIES
FOR DAYS WHEN HIGHER HIGH WATER IS LESS THAN 4.4 M

HHW

Ebb Vmax

Flood Vmax

d^-d

0.46

*i
0.10

4.02

0.36

3.63

0.055

0.003025

0.19

0.16

0.03

-0.015

0.000225

4.18

0.46

0.43

0.03

-0.015

0.000225

4.38

0.56

0.54

0.02

-0.025

0.000625

0.18

d

2 d
n

= 0.18
4

= 0.045

" V

S(di-d)2
n-1

= 0.0041
3

= 0.001366

s2i =

Sd

=

+-

—

sfd
n

(d±-d):

0.00410

= 0.0003416

Vo. 0003416

= 0.01848 with 3 d .

d - SQ

0.045-0
- 0.01848

Sd

f.

= 2.435 with 3 d .

X•

Acceptance region for two tailed "t" test at 95% C.L. is
-3.18 to +3.18.
3.18 > 2.435 > -3.18
Therefore accept HQ :

there is no significant difference

between the sample means.
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both graphical comparison and statistical analysis show that
ebb-tidal and flood-tidal Vmax are effectively equal when
higher high water is less than 4.4 m.
The slopes of the regression lines for ebb-tidal and
flood-tidal current Vmax velocities as functions of higher
high water

forthose days when higher high water was greater

than 4.5 m

are dissimilar.

velocities

for those days when higher high water was greater

than 4.5 m

are compared by means of a paired "t" test (Table

When ebb-tidal and flood-tidal

6), they are found to be significantly different from each
other.

Also, when the slope (b^) of the regression line for

the ebb-tidal velocities for those days when higher high
water was greater than 4.5 m is compared by means of a "t"
test with the slope (b2) of the regression line for ebbtidal velocities for those days when higher high water was
less than 4.5 m, the two slopes are found to be significantly
different from each other (Table 7).
Both graphical comparison and statistical analysis
show that ebb-tidal and flood-tidal velocities Vmax are not
the same and the slopes of the regression lines indicate that
ebb-tidal Vmax exceed flood-tidal Vmax when higher high water
is greater than 4.5 m.

Inspection of the data in Table 1

shows that 4.5 m higher high water threshold

reflected in

the V, Vmax, and Vb values as well as the Vmax values.
Vb is defined as the measured current velocity 0.3 m
above the bottom.

The values for Vb generally increase and

decrease with the values for V and Vmax.

However, when the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

37
TABLE 6
PAIRED "t" TEST FOR EBB V MAX AND FLOOD V MAX
VELOCITIES FOR DAYS WHEN HIGHER HIGH
WATER IS GREATER THAN 4.5 M

HHW

d±-d

(di-d)2

0.63

0.284

0.0806

0.74

0.16

-0.186

0.0345

0.77

0.58

0.19

-0.156

0.0243

4.95

1.31

0.79

0.52

0.174

0.0302

4.86

1.00

0.77

0.23

-0.116

0.0134

EBB v MAX

FLOOD v Max

d-l

5.03

1.39

0.76

4.82

0.90

4.59

1.75

0.1833

n
S

2
d

=

S(di-d)2
—
n - 1

n
t = ^ ~ s°
sd
Acceptance region for two tailed "t" test at 95% C.L. is
-2.78 to + 2.78 with 4 d.f.
3.614 > 2.78
Therefore reject HQ
Accept Ha : there is a significant difference between the
sample means.
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TABLE 7
■t" TEST FOR DIFFERENCE BETWEEN TWO b's

■if = **1 ~ b2

with n^ + n2 - 4 d.f.

Rbl-b2
bL = 1.477
MS„ = 0.01382
E1

% - b2

b2 = 0.56
MS„

2

= 0.00164

. v “ 5L + !“ fi
bl
b2
0.01382
0.00164
1.477 + 0.56
■ V

"f

=

0.1168

-

^ n e S ' 56

=

7.594

- t h 6 a.f

with 6 d.f.

Acceptance region for two tailed "t" test at 95%
C.L. is -2.447 to + 2.447 with 6 d.f.
7.594 > 2.447
Therefore reject HQ
Accept Ha :
sample b's.

there is a significant difference between
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current velocities are sufficiently high to cause migration
of the large ripples in the throat of the inlet where the
raft was moored, the Vb values show considerable fluctuation.
The fluctuation in Vb values out of phase with the values
for the other current velocity parameters is attributed to
migration of large ripples in the inlet throat.

Movement of

large ripples evidently causes large eddies in the tidal
currents.

Furthermore, although it does not appear in the

data as presented here, on several occasions the depth of
water under the raft decreased while the tide stage in
creased, a condition also attributed to ripple migration.
Ebb-tidal and flood-tidal current asymmetry as
observed at Laguna Percebu is attributable to the macrotidal
(6.0 m tidal range) environment.

When the higher high water

reaches or exceeds 4.5 m, wave swash overwashes the spits
that separate the lagoon from the bay and gulf (Figure 18).
This water does not leave the lagoon by washing back over
the spits, because the waves in the lagoon are smaller than
those of the bay and gulf.
the lagoon

Most of the water which enters

during flood tide as wave overwash exits the

lagoon through the inlet, contributing to the ebb-tidal dis
charge.

The greater the extent to which the higher high

water exceeds 4.5 m, the larger the volume of water entering
the lagoon over the spits.

When wave height exceeds 0.75 m

in the bay, measured at the near tidal staff, overwash will
occur at a
on 14 July

higher high water of less than 4.5 m, as occurred
1976. However, because of limited fetch, waves
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Figure 18. Wave swash just beginning to crest the
south spit. The slightly lower north spit is crested
approximately a half hour to an hour before the south spit.
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in excess of 0.6 m are sufficiently uncommon that a 4.5 m
higher high water should be considered the modal threshold
value for tidal current asymmetry caused by wave overwash at
Laguna Percebu.
Reference to the University of Arizona tidal chart
shows that astronomical tides will exceed the 4.5 m thresh
old 89 times over the course of a year, amounting to 24.4
percent of the higher high waters per year.

Therefore,

tidal current velocity asymmetry, with ebb-tidal velocities
exceeding flood-tidal velocities, can be expected to occur
on about a quarter of the days of the year at Laguna Percebu,
more often when including the higher waves associated with
storms.
Lagoon hypsometry does not appear to be responsible
for tidal current asymmetry at Laguna Percebu.

Lagoon area

(Figure 19) increases in a nearly linear manner from 4.0 m
to 5.0 m above mean low water, while ebb-tidal current
velocities increase abruptly when higher high water exceeds
4.5 m above mean low water (Figure 17) .
Effective tidal current duration asymmetry also
occurs at Laguna Percebu during spring tide periods.

The

mouth of the inlet channel is approximately 1.2 m above mean
low water.

Therefore, the flood tide has no effect on

sediment transport in the inlet area until it reaches at
least 1.2 m above mean low water.

The sand in the lagoon

area becomes saturated with water during periods of spring
high tide.

All of this water does not drain during the
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period from high water to 1.2 m above mean low water over
the course of the ebb tide.

Rather it continues to drain

out of the lagoonal sands, increasing the effective length
of ebb-tidal flow through the inlet.

This flow of water

draining from the lagoon sediments continues until the flood
tide rises to 1.2 m above mean low water, at which time the
ebb flow ceases and the flood-tidal current into the lagoon
begins.

Inspection of the tide curve (Figure 16) shows that

this phenomenon can result in shortening the effective floodtide by as much as three hours and increasing the effective
ebb-tide by the same amount.

The ebb stream that runs

through the inlet at the onset of flood tide is 3.5 m wide
and 0.2 m deep.

The velocity is great enough to transport

sediment seaward from the inlet as verified by observation
of migrating bed forms.

For example, on 9 June 1976, the

velocity of the stream at the thalweg, where the water was
deep enough to use the current meter, was 0.79 m/sec as the
ebb fell below 1.2 m above mean low water, and 0.38 m/sec as
the flood rose to 1.2 m above mean low water.

When flood

waters reached the site, current velocity measurements
immediately registered lagoonward flow.
Rates of Sediment Transport
The sedimentation stakes described by Bartsch-Winkler
and Ovenshine (1977) do not measure rates of sediment trans
port.

They measure the gross and net scour and/or fill for

the site in which they are installed.
It is apparent that sediment transport in those
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portions of the lagoon consisting primarily of sand-sized
material occurs as bed form migration and that the sum of
gross scour and net scour must approximate the maximum
amplitude of these bed forms.

Simons et al. (1965) have

found that bedload transport within the lower flow regime
can be predicted from
qb = (1 - X) Vsh/2 + Cx
where:

q. = volume rate of bedload transport per unit
width per unit of time,
X = porosity of the sand bed,
V g = average velocity of the ripples or dunes in
the direction of flow,
h = average amplitude of the ripples or dunes,
= a constant, interpreted as that portion of
the bedload that does not enter into the
propagation of ripples and dunes.
From the equation it can be seen that measurement of

bed form amplitude alone is inadequate for measuring rates
of bedload transport.

However, it is also evident that bed

form amplitude is directly proportional to rates of sediment
transport, within the lower flow regime.

It has therefore

been assumed that relative daily maximum rates of bedload
transport within the lower flow regime at a given site can
be inferred from daily maximum bed form amplitude values for
that site.

If sediment transport occurs in transitional or

upper flow regime, relative daily maximum rates of bed load
transport will be underestimated because of decreasing bed
form amplitude in the transitional and plane bed form trans
port mode.
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Underestimation of relative daily maximum rates of
bed load transport is most likely to occur during spring
tide periods when current velocities are maximized, tending
to de-emphasize the amount by which spring tide transport
rates exceed neap tide transport rates.

Therefore, although

the sedimentation stake data (Figure 20) indicate that
relative daily maximum rates of bed load transport are an
order of magnitude greater during spring tides than during
neap tides, the sediment transport asymmetry may be even
more pronounced.
The close relationship between higher high water for
a given day and the tidal current velocities for that day
have been noted above.

The morphogenetic effect of this

variation in current velocity can be seen in Figure 20 as
the variation in rates of sediment transport which agree
closely with the variations in higher high water and there
fore, tidal current velocity.
Because of its elevation, the small dune in which
stake 9 was installed is an exception to the agreement
between rates of sediment transport and variation in higher
high water.

The days when gross fill was recorded at stake

9 were also the days when field work was severely limited by
blowing sand.

On these days sand accumulated in the vegeta

tion at the stake 9 site.

The stake 9 site does not appear

to be affected by tidal currents except at extremely high
spring higher high water.
Nearly all of the stake data totals show that gross
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scour for the summer of 1976 exceeds gross fill.

Exceptions

to the net scour trend include stake sites 12 and 13, which
are adjacent to the north spit (Figure 8).

The significance

of net fill at sites 12 and 13 will be explained in the dis
cussion chapter.
Sedimentation stake data from the lagoon area
collected during the winter of 1976 were inconsistent and
many stakes were missing, presumably because of tampering by
passersby.

The two stakes in the alluvial fan on the

western edge of the lagoon did not appear to have been dis
turbed and the data from these stakes were considered usable.
Sediment Size Analysis
Carbonates were removed from the sediment samples by
washing with a 10% HCl solution, heating to 90° C until
effervescence stopped, and rinsing and decanting.

Sediment

samples coarser than 40 were washed for 15 minutes with city
water then rinsed with distilled water to remove salts from
the sediments.

Sieve grain size analysis of the sediment

samples in accordance with the procedures described by Folk
(1974) followed drying of the washed samples.

The results

of the sieve grain size analysis are presented in Table 8.
Sediment samples finer than 40 were agitated in distilled
water for 15 minutes, centrifuged for 1 hour and the water
decanted from the sample to remove salts from the sediments.
The wash-centrifuge-decant procedure was performed 8 times
for each sample.

After removing the salts, the fine sediment
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TABLE 8
SEDIMENT GRAIN SIZE SIEVE ANALYSIS RESULTS

Sample Location
Sedimentation
Sedimentation
Sedimentation
Sedimentation
Sedimentation
Sed imentation
Sedimentation
Sedimentation
Sedimentation
Sedimentation
Sedimentation
Sedimentation
Sed imentat ion
Sedimentation
Sedimentation
Sedimentation
Sedimentation
Sedimentation
Sedimentation
Sedimentation
Sedimentation
Sedimentation

Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake
Stake

Mg in $ Units
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

aj in <£> Units

2.27
3.37
2.93
1.53
2.70
2.63
1.30
1.32
1.58
2.73
1.17
1.38
1.41
0.08
0.23
-0.15
0.27
-0.75
0.73
0.13
-0.71
-0.49

0.78
0.64
0.97
0.32
0.96
0.89
0.54
0.53
0.38
0.97
0.56
0.60
0.58
0.67
0.77
1.23
0.66
1.44
0.84
1.12
2.46
2.98

Fines Exposure on North
Spit Beach

1.63

0.67

Fines Exposure on South
Spit Beach

2.11

1.53
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samples were analyzed by the pipette procedures described by
Folk (1974).

The results of the pipette analysis are pre

sented in Table 9.

All of the samples in Table 9 were

identified in the field as slightly sandy silt.

Use of the

results of the sieve and pipette analysis in conjunction with
one another as described by Folk (1974) was precluded by the
small fraction of grains larger than 4$ in the fine sediment
samples.
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TABLE 9
SEDIMENT GRAIN SIZE PIPETTE ANALYSIS RESULTS

Sample Location

M„a in 0 Units

aT
1 in 0 Units

Sedimentation Stake

1

6.73

2.08

Sedimentation Stake

2

6.13

1.95

Sedimentation Stake

3

6.30

2.01

Sedimentation Stake

4

6.71

1.94

Sedimentation Stake

5

6.33

2.15

Sedimentation Stake

6

6.67

2.18

Sedimentation Stake 10

6.10

1.77

Pines Exposure on North
Spit Beach

7.37

2.13

Fines Exposure on South
Spit Beach

7.37

2.05
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Chapter 5
DISCUSSION
Changes in Morphology
Sources of morphametric data include 1972 vertical
airphotos, plane table surveys for winter 1975, summer 1976,
and winter 1976.

Maps made from these data sources are

presented in Figures 22, 8, and 23.
Comparison of the four maps drawn from the 1972
photography and the surveys of 1975 and 1976 (Figures 21,
22, 8, and 23) shows several noteworthy changes in the
morphology of Laguna Percebu and Bahia Santa Maria.

The

most obvious change is the development of the bay mouth spit
attached to the southern end of Bahia Santa Maria and the
retreat of the lagoon spits.

The map sequence illustrates

the growth of this bay mouth spit from 1972 to 1976.

Evi

dently, the retreat of the lagoon spits due to wave overwash
has set the spits far enough back from the littoral sediment
drift that the sediment supply formerly received by the
spits began to build out in a new spit at the southern end
of the bay.

Because the bay mouth spit is now intercepting

the northward flowing littoral sediment stream, resulting in
sediment starvation for the lagoon spits, rates of lagoon
55
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LA G U N A PERCEBU
From 1972 Air Photos

meters

Figure 21
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Tidal Channels
Approximate Extent of Spits
and Ebbtidal Delta
Sand Dunes

Figure 21
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spit retreat have now probably been accelerated by the
development of the bay mouth spit.
Further evidence for retreat of the lagoon spits is
the existence of a horizon of burrowed fines exposed on the
beach faces of both spits (Figure 24).

Comparison of this

material with material from present lagoon environments
(grain size distribution and presence of burrows) indicates
that the exposures on the beach faces of the spits are old
lagoon sediments that have been buried by spit retreat and
are now exhumed.

A series of pits was dug across the south

spit to trace this layer underneath the spit sands.

This

information and beach profile surveys were utilized in the
construction of the cross section shown in Figure 25.
Location of the cross section is shown in Figure 8.

Evidence

of the lagoon fines along the beach face also exists in the
form of water draining from perched water tables during low
tide (Figure 26).

In every instance when the beach was

trenched above the perched water tables, fines were found to
be the aquaclude.
Additionally, beach rock exposures are found just
below the south spit lagoon fines exposure (Figure 27).
Dr. Clyde H. Moore, Jr., identified the beach rock cement as
a magnesian calcite micrite crust (Figure 28).

The beach

rock exposures at Bahia Santa Maria show no measurable sea
ward dip as would be expected if they had formed on the
beach face.

Rather, they are essentially flat lying,

suggesting that they formed shoreward of the beach face.
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Figure 24. Exposure of burrowed fines on face of
north spit beach. Holes are 1 cm to 2 cm in diameter.

HOI£S d u g to t r a c e l a go on
FINES UNDER BEACH SANDS

EXPOSURE OF LAGOON FINES
ON BEACH FACE-v.

CONTACT BETWEEN LAGOON
FINES AND OVERLYING
BEACH S A N D S ^

Figure 25. Cross section of south spit.
vertical exaggeration.

Note
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Figure 26. Water draining from perched water table
in south spit beach during low tide. Pit was dug to con
firm presence of burrowed fines aquaclude. Channels in the
beach face were cut by water draining from the perched water
table.
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Figure 27.

Beach rock exposures, south spit beach.

Figure 28. Scanning electron micrograph of Laguna
Percebu beach rock cements. Magnification 250X. Cement
appears as an irregular coating over the silicate sand
grains.
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Moore (1973) writes that "Beach rock cementation may extend
shoreward under unconsolidated sands for considerable dis
tances" (p. 593).

Thus there is no indication of the beach

face location at the time of beach rock cementation other
than it was seaward of the present location.

Moore's obser

vations in the West Indies indicate that " . . . those beaches
with associated beach rock exposures once extended a signif
icant distance seaward, and have since undergone considerable
destruction and sand removal" (Moore 1973, p. 593).

Beach

rock cements of the type extant at Laguna Percebu do not
withstand exposure well and their present existence on the
beach face indicates recent spit retreat.
Retreat of the southern spit is also evidenced by
erosion reported by owners of beach houses on this spit.
Several of the owners have built seawalls in attempts to
save their investments.

Conversations with these people

have confirmed that when they built their houses, around
1972, the beaches were wider than at present.

Thus, air-

photos, surveys, lagoon sediment and beach rock exposures on
the beach face, and observations of local residents indicate
that spit retreat is presently occurring at Laguna Percebu.
Inlet morphometry has also changed over the period
from 1972 to winter 1976.

Channel aggradation has caused

the inlet channel to shift from a northerly distal orienta
tion shown in 1972 airphotos to an easterly distal orienta
tion.

This and the widening of the "fingers" of the ebb-

tidal delta indicate continued seaward transport of
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sediment through the lagoon inlet.
One aspect of the ebb-tidal delta development is the
lack of particularly noteworthy change from summer 1976 to
winter 1976 even though two tropical storms passed nearby
during the fall of 1976.

These storms were Kathleen on 9

September 1976 and Madeline on 8 October 1976.

Kathleen

moved up the Baja California peninsula from 4:00 A.M. to
10:00 A.M. on 9 September 1976 (U.S. National Weather Service
maps, 9 September 1976) which coincided with a spring low
water period.

Therefore, it is not surprising that the

ebb-tidal delta reflected no input from the storm.
In view of the flashflooding reported in California
as a consequence of the passage of Kathleen, it was expected
that the two sedimentation stakes placed in the alluvial
fans entering the lagoon through the dunes to the west
(Figure 8) would show some change in sediment thickness
because of alluvial contribution to the lagoon during the
storm.

However, stake 21 showed 2.5 cm of scour and stake

22 showed 1.75 cm of scour.

This erosion is probably due to

deflation and it appears that the precipitation from Kathleen
was insufficient to transport sediment into the lagoon.
Madeline, however, passed over the lagoon during
high water and witnesses reported a 360° windshift, sug
gesting that the center of the storm passed nearby.

Some

change in morphology from this storm was expected but the
winter of 1976 survey did not show any changes in morphology
that could not be explained by moderate-magnitude.
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moderate-frequency processes.
Tidal Channels
The tidal channels within Laguna Percebu run through
three general types of material:

non-vegetated mud, vege

tated mud, and unconsolidated sand.

In the unconsolidated

sand, the channels migrated a small amount between 1972 and
1976.

No notable changes occurred during 1976 except those

on a scale small enough so that they appeared in the sedi
mentation stake data.

In the non-vegetated mud and vege

tated mud, the channels showed no measurable migration.

The

heads of many of the channels at the edges of vegetated
areas appear to be nick points.

These channel heads are

vertical and from 0.3 m to 0.8 m high.

During the spring

ebb tides, the current velocities at one of these channel
head locations, sedimentation stake 1 (Figure 29), produced
cavitation and generated turbulence great enough to cause
the current meter to go off scale (4 m/sec) too frequently
to determine a reliable value.

Under these conditions one

might expect rapid headward erosion of the channel.

How

ever, from winter 1975 to winter 1976, the headward erosion
of this channel was 15 to 18 cm.

Impreciseness of this

yearly rate is due to difficulty in measuring the irregular
shape of the head of the channel.

The sedimentation stake

data (Figure 20, stake 1) also show that for this location
the rates of vertical erosion are very low.

The pocketed

appearance of the fines that comprise the site (Figure 30)
and the terraced microtopography of the site area (Figure 29)
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Figure 29. Scarp 0.8 m high near the head of a tidal
channel. Sedimentation stake site 1 is 7 m south of this
scarp. Note minute terraces in background; wide angle lens

deteriorating algal mat near sedimentation stake site 1.
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suggest that erosion is currently lowering the sedimentation
stake site 1 area but at a rate slow enough to preclude
measurement over the period of data collection.
The fines that make up the surface of sedimentation
stake site 1 are noticeably cohesive and are partially pro
tected by a deteriorating mat that has been tentatively
identified as algal (Figure 30).

Not all nick points in

Laguna Percebu are in the presence of protective mats, how
ever.

Nummedal (personal communication) has noted that

scarps similar to those at Laguna Percebu are found in
lagoons in the southeastern United States at the edge of the
vegetated portions of the lagoons.

The edges of the vege

tated areas also mark a change in clay types and this may
account for differences in erosion resistance and the concommitant development of a scarp.

The tectonic activity of

the Gulf of California has been outlined in the Description
of the Study Area and one possible explanation for the
scarps is a drop in base level.

However, the landward

migration of the spits is difficult to reconcile with a drop
in base level.

Therefore, the scarps near the heads of the

tidal channels are probably more readily explained by a
change in sediments at the scarp site.
Sedimentology
A series of pits was dug in the lagoon sediments in
summer 1976 (pits 2, 3, 4, and 5, Figure 3) and another
(pit 1) was dug in an ephemeral stream fan during spring
1977.

The fan sediments are primarily flat laminated sands
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(Mg = 0.820.CTJ = 2.89<f>) with some lagoonward dipping cross
bedding (Figure 31).

The fan sands are derived from the

alluvial apron and dunes west of the lagoon and are 1.6 m
thick at pit 1.

Underlying the fan sands are lagoon fines

similar to those described below for pits 2 and 3.

The

lagoonward dip of the crossbedded sands indicates that the
fans are prograding over the lagoon sediments.

Rates of

sedimentation in the fans appear to be slow, as indicated by
the in situ weathering of a 20 cm rock about 30 m from pit 1
(Figure 32) .
Pits 2 and 3 (Figures 33 and 34) were dug in the
spring high-tidal flats.

Sediments in the spring high-tidal

flats are flat laminated silts and clays with some micaceous
fine sands.

Stratification of the sediments was readily

identifiable in the field but attempts to correlate these
strata with grain size were unsuccessful.

Mg for all the

horizons fell in the range 5.5 0 to 5.9 0 with
from 1.94 0 to 2.19 0.

ranging

The apparent lack of sediment size

differentiation may be because the laboratory procedure used
failed to remove all of the salts from the sediments, which
in turn allowed unobserved flocculation, distorting the
results.

Differences in organic content and/or cementation

may also account for stratification of the spring high-tidal
flat sediments.
Particularly interesting is the dark horizon at
0.3 m from the surface in pit 2 (Figure 33) and 0.14 m from
the surface in pit 3 (Figure 34).

This dark horizon contains
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Figure 31. Pit 1. View is to the north. Bedding
dips eastward into the lagoon basin. The present surface
of the fans is irregular and crossbedding may represent fill
in an earlier depression.

Figure 32.
from pit 1.

Twenty cm rock weathered in situ 30 m
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diagenetic gypsum (identified in the field by D. Lowe,
spring 1977).

Illing, Wells, and Taylor (1965) have noted

diagenetic gypsum at similar depths in calcareous mud hightidal flats in the climatically similar Persian Gulf area.
The existence of the gypsum horizon at Laguna Percebu may
represent an ongoing process localized by optimized porosity
of the silts in the horizon or may reflect an earlier episode
in the lagoon sediment development.
Pit 4 (Figure 35) was dug in non-vegetated lagoon
fines, consisting of non-laminated bioturbated clays and
silts.

No gypsum horizon was evident in these sediments.

Pit 5 (Figure 36) is located at the contact between the nonvegetated mud and onlapping spit sands.

At pit 5, 15 cm of

medium sand lapped onto bioturbated clays which were
essentially indistinguishable from those at pit 4.
It is evident from the sediments at pits 1, 2, 3, 4,
and 5 that the change in surface sediment grain size from
coarse to fine to coarse moving from the fans to the spits
reflects the encroachment of the coarse sediments onto the
fines from both the landward and seaward sides.
Processes
A combination of wave and tidal current processes
are active in shaping the spits of Laguna Percebu.

Wave

swash over the spits when higher high water exceeds 4.5 m
moves sediment lagoonward.

The sediment transported lagoon

ward by the wave swash would build a berm if the swash did
not cross the spit.

Wave swash transported sediment widens
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Figure 35.

Pit 4.
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the spits lagoonward while the spit is narrowed by erosion
on the seaward side, evidenced by spit retreat, beach rock
exposures, and lagoon sediment exposures.
There is some evidence to suggest that not all of
the sediment washed over the spits remains in the lagoon.
Adjacent to the lagoonward side of the north spit and the
northern end of the south spit are steepsided channels.
During ebb tide the vigorous currents that run through the
channels immediately behind the spit remove some of the
sediment deposited by wave swash.

The sediment removed by

the ebb-tidal currents is then moved toward the inlet and
presumably out into the ebb-tidal delta.

Observations of

the microtopography on the lagoonward side of the north spit
show that the ebb-tidal currents are swift enough to produce
ripples on the side of the spit.

The ripples on the side of

the spit are approximately 1.3 m to 1.6 m in wavelength and
approximately 0.2 m high.

The ebb-tidal currents are not

sufficient to remove all of the lagoonward transported
sediment because the sedimentation stake data from sites in
the channels behind the spits (sites 12 and 13) show net
fill for the data collection period.

In contrast to the

portions of the spits backed by vigorous tidal channels, the
central and southern portions of the south spit are becoming
wider with buildout of fans from wave overwash.
Rates of sediment transport at Laguna Percebu are
much greater during spring tide periods than at any other
time (Figure 20).

Therefore the morphogenetic effects of
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the tidal current asymmetry that occurs during spring tide
periods are enhanced and are of more significance than their
frequency of occurrence would indicate.

Seaward transport

by the dominant ebb-tidal currents, coinciding with the
times of greatest sediment movement is responsible for the
massive extent of the ebb-tidal delta and inhibits the
development of a well-defined flood-tidal delta.

Indeed,

the best evidence for flood dominated sediment transport in
any part of the lagoon is a field of large ripples which are
oriented landward and exhibit reactivation surfaces oriented
seaward (Figure 37).
Wave swash appears to be the major agent of beach
face erosion on the north and south spits.

Wave swash also

crests the spits during spring high waters over 4.5 m and
deposits sediment on the lagoonward side of the spit, causing
lagoonward migration of the spits.

Ebb-tidal currents

appear to be the agents of maximum scour in most sites in
the lagoon because the ebb-tidal currents achieve higher
velocities than the flood-tidal currents.

An exception is

the field of lagoonward oriented ripples noted earlier.

The

ebb-tidal currents are also the major agents of deposition
in the lower portions of the lagoon because they are carrying
sediment from the upper channels and the backsides of the
spits.

Sediment carried by the ebb currents during falling

stage is deposited as velocities drop, replacing some, if
not all, of the sediment removed during higher velocity ebb
discharge.

The ebb-tidal currents also deposit sediment in
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Figure 37. Lagoonward oriented large ripples with
seaward oriented reactivation surfaces. Located just south
west of inlet throat. Viewed from the northeast. Steep
slope of lagoonward side of the northern end of south spit
can be seen at upper left.
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the ebb-tidal delta and this sediment is then made available
for littoral drift.

Conceivably, the same grain of sand

could circulate several times through the spit-lagoon-ebbdelta system before becoming incorporated in the sedimentary
record at Laguna Percebu or moving downdrift along the
coast.
On the southern portion of the south spit, human
activities have modified the impact of wave swash.

Many of

the beach house owners on the southern spit have built sea
walls of stone and mortar.

The seawalls are footed in the

lagoon fines that run under the spit sands and are commonly
2 . 0 m high on the seaward side.

Because of the relative

scarcity of fresh water at Laguna Percebu, the mortar for
the seawalls is made with brackish water from a well at the
base of the dunes near the southwestern end of the airstrip
(Figure 8).

Salts in the brackish water inhibit the forma

tion of strong bonds within the mortar and the seawalls are
consequently weak.

Thus, even though the seawalls prevent

wave swash from cresting the southern spit in many places,
they eventually fail and the beach is littered with rocks
from crumbled seawalls.

Also, since the seawalls are dis

continuous, because of lack of concerted effort by the beach
house owners, waves are able to wash over the spit in some
locations.

Localized wave swash builds small fans on the

lagoon side of the spit and washes around the backside of
the seawalls, hastening seawall destruction.
In addition to the construction of seawalls, human
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modifications of form-process relationships at Laguna
Percebu include building up the spit for beach house con
struction.

The portion of the south spit that has beach

houses on it is capped by a layer of fines scraped from the
airstrip.

This cap of fines is the base upon which the

beach houses are built.

The layer of fines deposited by the

builders of the beach houses has therefore increased the
elevation of the southern spit by about 0.6 m, a value suf
ficient to significantly reduce the frequency of wave over
wash at the southern end of the south spit.
Process Model Comparison
Ebb-tidal delta morphology at Laguna Percebu does
not lend itself to verbatim use of the terminology suggested
by Hayes et al. (1973) for microtidal and mesotidal inlets.
Finley (1978) has successfully utilized the Hayes terminology
and Finley's Figure 7 is reproduced here as Figure 38.

The

channel margin linear bars (B) and swash bars (D) have their
counterparts at Laguna Percebu.

Labeling the inlet channel

at Laguna Percebu as the "main ebb channel" is inappropriate,
however, since this channel is also the main flood channel.
Furthermore, marginal flood channels cannot be expected to
develop well at Laguna Percebu.

The reason for the nonap

plicability of the terms "main ebb channel" and "marginal
flood channel" lies in the relationship between tidal range
*•

v and inlet elevation at Laguna Percebu.

With the exception

of neap tide periods, the lagoon empties during ebb tide and
the inlet channel is indeed the main ebb channel.
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Beach
Harsh

Figure 38. Finley's application of Haynes's ebbtidal delta morphology model. Main ebb channel (A) ;
channel-margin linear bars (B); marginal flood channels
(C); swash bars (D). (After Finley 1978.)
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of the emptying of the lagoon during ebb, the inlet channel
does not experience a horizontal stratification of incoming
flood waters and outgoing ebb waters during change of tide.
There is therefore no reason for the incoming flood waters
to develop "marginal flood channels" as alternative passages
into the lagoon.

With slight modification, however, it is

possible to use Hayes's terminology to describe features of
the Laguna Percebu ebb-tidal delta (Figure 39).
Wave overwash and the associated ebb dominant ebbtidal current and flood-tidal current asymmetry during the
times of maximum sediment transport are the dominant pro
cesses at Laguna Percebu.

Ebb dominance in tidal inlets has

been explained by a variety of models.

Fitzgerald, Nummedal,

and Kana (1976) have presented a model of ebb dominance at
Price Inlet, South Carolina.

Ebb dominance at Price Inlet

is attributed to higher inlet efficiency at low water than
at high water.

The area of the lagoon changes much more

rapidly than that of the inlet and the vegetated higher
portions of the lagoon are slower to fill and to empty than
are the open water portions of the lagoon.

Therefore when

the ocean has reached high tide, the lagoon level is still
lower than the ocean water level resulting in a substantial
landward water surface slope through the inlet.

A flood-

tidal current will therefore be maintained until the ocean
tide stage falls to a level equal to that in the lagoon.
Increasing the duration of the flood-tidal currents in this
manner must also decrease the duration of the ebb-tidal
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Figure 39. Application of Hayes's ebb-tidal delta
terminology to Laguna Percebu. Inlet channel (A); channelmargin linear bars (B); swash bars (D)
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currents.

Since the ebb current velocity maximum occurs

late in the tidal cycle, when the inlet is more efficient,
and since there is a shorter duration for the lagoon to
empty, the ebb-tidal currents are higher in velocity than
are the flood-tidal currents even though the total discharges
for ebb and flood are essentially the same.
Hubbard's (1977) work at Murrells Inlet, South
Carolina, describes a wave overwash-tidal current system
that is analogous to that at Laguna Percebu with the excep
tion that Murrells Inlet is in a microtidal environment.

At

Murrells Inlet, wave swash crests the shoals flanking the
inlet throat during nearly all high tide periods except neap
tides.

Because waves can break further inshore during flood

overwash of the spits than they could otherwise, the onset
of ebb tide drastically reduces the wave swash over the
shoals.

Changes in inlet efficiency similar to those dis

cussed for Price Inlet result in ebb-tidal current velocities
in excess of flood current velocities and this tidal current
asymmetry is enhanced by the increased total ebb discharge
which includes water contributed to the lagoon by wave over
wash.

Thus the tidal current asymmetry mechanism at Murrells

Inlet combines that of Price Inlet and Laguna Percebu.
At Laguna Percebu, vegetation is sparse and has
little effect on the hydraulic efficiency of the lagoon
basin.

Also, the lagoon is small and there is insufficient

volume for a noticeable lag between the ocean and the lagoon
to develop.

Therefore, the model which holds for inlets
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like Price Inlet does not appear to apply at Laguna Percebu.
Wave overwash at Murrells Inlet occurs over shoals rather
than over spits and it appears to be an overextension of the
model to attempt direct application of the Murrells Inlet
model of low magnitude-high frequency wave overwash-tidal
current asymmetry to the moderate magnitude-moderate fre
quency pattern at Laguna Percebu.
Because Laguna Percebu is in a macrotidal environ
ment, it is not surprising that models developed for microtidal and mesotidal environments are difficult to apply.
Hayes's (1975) tide-dominated shorelines are funnel-shaped
embayments in which no barrier islands and therefore no
tidal inlets occur.

The Gulf of California is certainly a

funnel-shaped embayment, but is probably somewhat greater in
size than those Hayes had in mind.

Also, the spits at

Laguna Percebu are hard to differentiate from barrier islands
at spring high water and it appears that in some circum
stances spit/barrier island type features can develop in a
macrotidal environment.
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Chapter 6
SUMMARY AND CONCLUSIONS
Laguna Percebu represents the little-studied, small,
arid region, macrotidal type lagoon.

An empirical study of

the form-process relationships at Laguna Percebu was initia
ted, based on three field seasons in 1975 and 1976.

This

field work has established that there is a massive ebb-tidal
delta, while the closest approximation to a flood-tidal delta
is a small area of landward oriented bed forms with seaward
oriented reactivation surfaces.

Flood channels marginal to

the main inlet channel, as described by Hayes (1975) for
ebb-dominated systems, are not present at Laguna Percebu.
The existence of a large ebb-tidal delta without a concommitant flood-tidal delta is a response to tidal current
velocity and duration asymmetry, wherein the ebb currents
are both faster and of longer effective duration than are
the flood currents.
Tidal current velocity asymmetry at Laguna Percebu
is produced by generalized flow of wave swash over the spits
that separate the lagoon from the bay and gulf.

This over

wash occurs on the average of 24.4 percent of the days of
the year when the higher high water is equal to or exceeds
4.5 m above mean low water.

Water contributed to the lagoon
82
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by generalized wave overwash during flood tide is channeled
out of the lagoon through the inlet.

Therefore, the volume

of water leaving the lagoon through the inlet at ebb is
greater than the volume of water that enters the lagoon
through the inlet at flood.

The difference in ebb and flood

total discharge is expressed as tidal current velocity
asymmetry.
Tidal current duration asymmetry is caused by water
storage in the lagoon coarse sediments during high water and
subsequent drainage of the stored water during later stages
of ebb and the early stages of flood tide.

The effect of

this duration asymmetry is small due to the limited volume
of water involved.
Tidal current asymmetry occurs when the tidal cur
rent velocities are maximized and therefore the rates of
sediment transport are the greatest.

Since the rates of

sediment transport at spring tides are nearly an order of
magnitude greater than at neap tides, as measured by the
sedimentation stake system, the morphogenetic effect of the
tidal current asymmetry is much more important than would be
the case if sediment transport rates were the same regard
less of tidal cycle.

The maximization of transport rates at

times of maximum ebb dominance is the process which produces
the large ebb-tidal delta at the expense of the flood-tidal
delta.
Wave overwash of the lagoon spits also contributes
to spit retreat. The retreat of the spits separating the
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lagoon from the bay and gulf is evidenced by surveys, expo
sures of lagoon sediments on the beach face and the exposure
of flat-lying beach rock on the beach face.

Rates of spit

retreat are probably increased due to the development of a
spit at the southern end of Bahia Santa Maria which is now
intercepting the northward flowing littoral sediment stream,
resulting in sediment starvation of the lagoon spits.

Spit

retreat therefore emphasizes the extent of the ebb-tidal
delta.
Tidal channels in Laguna Percebu are remarkably
stable in the finer sediments and exhibit nick points at
their heads.

The steep heads of the tidal channels would

suggest rapid headward erosion of the channels but measure
ment of one site does not verify this suggestion.
The form-process relationships at Laguna Percebu are
unique to small lagoons where the tidal prism is small
relative to wave overwash contributions.

In larger lagoons

the percentage of total tidal discharge contributed by
similar wave overwash would be smaller and therefore be less
effective in influencing sediment transport.

Also, in humid

regions, the fluvial contributions to the lagoon would exit
the lagoon through the inlet at ebb flow and any contribution
from wave overwash would likely be unidentifiable unless very
large.

Finally, the relationships described here are depen

dent on a macrotidal environment where the spit elevation is
only just below that of the swash line for higher high water.
If the spit elevation were lower it would be destroyed or
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moved landward by wave action, and if it were higher no
overwash and consequently no tidal current velocity asymmetry
would occur.
Since present qualitative and numerical models of
lagoon inlet dynamics are either inadequate or not applicable
to the case of Laguna Percebu, the data from this study have
been the basis for the development of a model as follows:
During spring tide high water periods, wave swash
crests the spits separating the lagoon from the bay and
gulf.

The water contributed by this wave swash is

funneled out the lagoon inlet during ebb tides,
resulting in ebb current velocities exceeding flood
current velocities.

Tidal current asymmetry is

responsible for net seaward movement of sediment
during spring tide periods.

During spring tide

periods, the effective duration of the ebb currents
is longer than that of the flood, thereby increasing
the effect of the tidal current asymmetry.

Spring

tide periods are also the time of maximum rates of
sediment transport; this increases the morphogenetic
effect of the tidal current asymmetry.

Because ebb

currents exceed flood currents in both velocity and
effective duration at the time of maximum rates of
sediment transport, the ebb-tidal delta is relatively
large and the flood delta is difficult to define.
The extent of the ebb-tidal delta is emphasized by
retreat of the spits caused by wave overwash.
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Sediment is removed from the lagoonward side of the
spits by vigorous ebb-tidal currents and is trans
ported into the inlet.

The inlet system consisting

of the ebb-tidal delta, the spits, the tidal channels
and the inlet may represent a partially closed loop
or cycle in the littoral drift.
The model which has been developed in this research
should not be construed to invalidate models developed for
lagoons in microtidal and mesotidal environments.

The

scarcity of lagoons in macrotidal environments (GierloffEmden 1961, Hayes 1973) combined with the paucity of reports
on small lagoons in arid regions where inertial effects can
be ignored suggest that if Laguna Percebu is not unique, it
is very nearly so.

Therefore the primary value of the

research at Laguna Percebu lies in description of what may
be an end-member of lagoon types, and in identifying the
form-process relationships in this extreme type environment.
Laguna Percebu therefore provides a natural example of an
inlet where other inputs (stream flow contributions, inertia,
and tidal marsh induced changes in hydraulic efficiency)
have been largely factored out resulting in a lagoon-inlet
complex dominated by the effects of wave swash and tidal
current asymmetry.
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